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Abstract 

Coupling constants of the pseudoscalar mesons to the octet baryons are calculated in the QCD 
sum rule approach. Two-point correlation function of the baryons are evaluated in a single meson 
state and the vacuum, which yields the designated coupling. The emphasis is on the flavor SU(3) 
structure of the coupling constants and reliability in extracting the coupling constants from the 
two-point correlation functions. We first calculate the baryon-diagonal couplings and study the 
reliability of the sum rule. The F/D ratio of the coupling is determined in the SU(3) limit. We 
further formulate the baryon-off-diagonal couplings using the projected correlation functions and 
the vertex functions, so that the unwanted excited states do not contaminate the sum rule. As an 
example, the vrAS coupling constant is calculated and the flavor SU(3) breaking effect is studied. 
We find that the effect of SU(3) breaking on the vrAS coupling constant is small. 
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I. INTRODUCTION 



Quantum chromodynamics (QCD) has overwhelming evidences as the right theory of 
strong interactions of quarks and gluons. It successfully describes hard processes of hadrons, 
such as the scaling behaviors of structure functions, and the positron-electron annihilation 
cross sections The lattice QCD gives nonperturbative properties of the vacuum, such 
as color confinement, quark condensate and so on, which are consistent with properties of 



low lying hadrons. Some ( 
directly from lattice QCD 



3ut not all) properties of hadrons, i.e., masses, are now available 
QCD also suggests fascinatingpossibility of phase transitions 
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just begun to look for evidences of such phase transition . 

On the other hand, applications of QCD to rich phenomena of low energy hadrons are not 
in bloom yet. So far, hadronic interactions have been studied mostly in phenomenological 
approaches. The most prominent example is the nuclear force. State-of-art A^— A'potentials, 
which are valid to relatively high energy (~ 1 GeV) , are available ,„t.e.a..e4a.T.ey 
are based on the meson exchange picture, which has been developed in these fifty years since 



Yukawa proposed the pion exchange interaction ^l, and phenomenological short-range part, 
which should be attributed to the dynamics of quarks and gluons inside the baryon jsj. 
Although it is highly desirable to establish a foundation of such potentials from the QCD 
viewpoint, no immediate resolution is expected at this moment. 

Recent development of hypernuclear physics has lead us to the level that the interactions 
of hyperons. A, E, S, and so on (collectively denoted by Y), can be fairly well studied 
from the observed spectra of hypernuclei as well as the data from hyperon productions and 
reactions 9]. It has been found that the A — A^ interaction is somewhat weaker than the 
N — N interaction, and its spin dependent part has new features Q| . The Y — N interaction 
is naturally regarded as a generalized nuclear force by including the third flavor, strangeness 
Thus, we consider a larger flavor space, i.e., the flavor SU(3). In terms of SU(3) , the 
systems composed of two octet baryons belong to 

8 X 8 = 1 + 8, + 27 + 8a + 10 + To 

irreducible representations. Among them the flrst (last) three are symmetric (antisymmetric) 
under the exchange of two baryons, and therefore appear in the channels with antisymmetric 
(symmetric) spin-orbital combination. The N — N systems have the hypercharge Y = 



B + S = +2 and thus belong to either 27 or 10 representation. In other words, all the other 
representations are not accessible by — A^, but can be reachable only hj Y — N and Y — Y 
interactions. In this sense, study of the Y — N and Y — Y interactions is important for the 
complete understanding of the baryonic interactions. 

Theoretical approaches to the Y — N interaction are naturally to generalize the picture of 
the N — N interaction by considering exchanges of the pseudoscalar octet, the vector octet 
as well as the singlet pseudoscalar and vector mesons. Again the short-range parts of the po- 
tential are given phenomenologically. Much efforts have been made to analyze experimental 
data to draw a consistent picture of the hyperon interactions. Yet the the most fundamental 
quantities, i.e., the meson-baryon coupling constants, which are essential in constructing 
the meson exchange forces of baryons, have been treated as unknown parameters. In order 
to reduce the ambiguity, the SU(3) relations of the coupling constants are often employed, 
which leaves a free parameter, i.e.,^he F/D ratio. A very popular phenomenological Y — N 
potential is the Nijmegen model p|, which has several different versions. There the F/D 
ratio is treated as a free parameter and varies among the different versions. However, the 
effect of SU(3) breaking may well be sizable considering a wide variety of meson masses 



within the octet 
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Under these circumstances, it is highly desirable to calculate the meson-baryon coupling 
constants from the fundamental theory. What is the F/D ratio in the SU(3) limit? How 
is the SU(3) symmetry broken at the meson-baryon vertices? A lattice QCD calculation 
may be preferable, but at this moment is still preliminary ^^l- Thus alternative analytic 
approaches may be useful to analyze the SU(3) symmetry structure of the couplings. 

In this paper, we employ QCD sum rule approach to the coupling constants of the pseu- 



doscalar octet mesons and the octet baryons. The QCD sum rule |14l lisj ] is generally a 
relation derived from a correlation function in QCD and its analytic property. The corre- 
lation function is calculated by the use of operator product expansion (OPE) in the deeply 
Euclidean region on one hand, and is compared with that calculated for a phenomenological 
parameterization. The sum rules relate hadron properties directly to the QCD vacuum con- 
densates as well as the other fundamental constants. Most applications consider two-point 
correlation functions of hadronic interpolating operators, and derive relations of masses and 



other single-particle properties of the designated hadron (ex. I 
the properties of hadrons at finite temperature and density [T 



I). It has been applied to 
as well as the calculation 
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of the scattering lengths of two hadrons The obtained sum rules generally give predic- 
tions up to a few tens of per cent ambiguity, which may come from ambiguities of the QCD 
parameters as well as higher orders in OPE truncation and contaminations from excited and 
continuum states. 

Application of the sum rule to the meson-baryon coupling constants, (mostly the ttNN 
coupling constant), was started by Reinders et al. [3, who pointed out that the use 
of three point functions results in Qt^nn which is inconsistent with the Goldberger-Treiman 
(GT) relation. They then considered two-point correlation function with the pion in the 
initial state, 

n"^(g,p) = t I rf^xe^''-^(0|T \j'^,{x)jM \tx{p)) (1) 



and showed that the sum rule for the first nonperturbative term in OPE gives the GT 
relation with = ^- Later, Shiomi and Hatsuda 2l| improved the sum rule in the soft 
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pion limit {p 0) including higher orders in the OPE. However, Birse and Krippa 
pointed out that the sum rule at p — simply reflects the result of the GT relation and 
does not constitute an independent sum rule from that for the nucleon mass. It can be easily 
shown that the correlation function (^Q) is related to the correlation function without the 
pion in the initial state using the soft pion reduction formula. Therefore in order to obtain 
an independent sum rule, we need to take into account finite pion momentum p. 

As the correlation function has the Dirac indices it has several independent 

terms, which give independent sum rules. Kim, Lee and Oka [3| investigated dependen- 
cies on the Dirac structure and suggested that the tensor (T) structure, proportional to 
g.ve. the .no^t .liable .e.ult. Th. conc,u.on was tahe. .eEned by K., Doi, 
Oka and Lee |24l . I25| . The latter also checked dependencies on the choice of the interpolating 
field operator for the nucleon. They found that this point is especially important in deriving 
the F/D ratio of the coupling constants, when the formulation is extended to the SU(3) 
case. Recently, Kondo and Morimatsu pro pos ed a novel construction of the sum rule using 
projected two-point correlation functions 3, Is^, and showed that the coupling constant 
can be defined without the ambiguity from the choice of the effective interaction Lagrangian. 

The organization of this article is as follows. We first review the formulation of the QCD 
sum rule for the meson-baryon coupling constant in section |nj summarizing the arguments 
given in Refs. j^,!^- ■'■^ section ITTTl we formulate the sum rules for the "baryon-diagonal" 
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coupling constants, such as irNN, r]NN, vrSS and so on, and analyze their SU(3) structure. 
In the SU(3) limit, these couplings are related with each other. More specifically, the ratios 
of any two couplings are parametrized by a single common parameter, the F/D ratio. As 
the F/D ratio parametrize two allowed octet combinations in the coupling, it cannot be 
determined by the SU(3) symmetry alone, while requiring a larger symmetry, such as the 
SU(6) symmetry of the nonrelativistic quark model, determines the ratio uniquely. 

In the potential model approaches 6|, the F/D ratio for each exchanged meson octet is 
considered as a free parameter, although it is often fixed to the value taken from the SU(6) 
symmetry, or the value determined by the semileptonic decays of hyperons. The latter 
provides us with the F/ D ratio for the axialvector charges of the baryons, and thus one has 
to rely on the GT relation to apply it to the F/D ratio of the coupling constants. Clearly 
it is desirable to determine the F/D ratio of the meson-baryon coupling constants directly 
from QCD only with the constraint of the SU(3) symmetry. Moreover, a careful study of 
the applicability of the sum rules in the SU(3) limit will give us confidence on the sum rule 
analysis when the SU(3) symmetry is broken, which is a subject of section ^3 

The projected two-point correlation functions, proposed in Refs. j^El can be applied 



to general meson-baryon couplings including the baryon-off-diagonal cases. In section IIV|, 
we take the vrAS coupling as an example and explain the projected correlation method and 
evaluate the sum rule for the vrAS coupling constant. We also study effects of the SU(3) 
breaking on this coupling constant. 
We give a conclusion in section IVl 



II. SUM RULES FOR MESON-BARYON COUPLING CONSTANTS 

Reinders, Rubinstein and Yazaki, in their celebrated Physics Reports article summa- 
rized their pioneering works on the QCD sum rules. They studied how the masses of various 
mesons and baryons are determined directly from QCD with the help of dispersion relation 
which connects operator product expansion (OPE) of QCD operators in the deep Euclidean 
region, which gives the OPE side of the sum rule, and the realistic spectral function at 
the on-mass-shell region, which gives the phenomenological side. The OPE side contains 
information of nonperturbative nature of QCD in terms of matrix elements, or condensates, 
of various local operators, such as {qq) and {^G ^^G^^) . 
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They also considered how the ttA^A^ couphng constant is calculated in the QCD sum 
rule approach. The y st udied two correlation functions for the sum rule, the three-point 
correlation function jiol , 

n(g,g',p) = J d'xe^'^'^J Ae-^^^(0|T[Js,(x) J„(y) Jb,(0)]|0), (2) 

and the two-point correlation function with an external meson field jioj ]. 

U{q,p) =ijd'x e^^-^'(0|T[Js,(x) JB,(0)]|m(p)), (3) 

where p is the momentum of the meson m. Jb^ and denote local operators which 
interpolate the QCD vacuum and the baryon states, Bi and i?2, respectively. Jm is a similar 
operator for the meson m. They are called either interpolating field or "current". 

In principle, both the above correlation functions can be used to construct a sum rule for 
the coupling constant. However, in practice, the three-point correlation function has disad- 
vantages that one has to assume the meson pole dominance and neglect the contribution 
from higher excited states. This assumption is not justified because the OPE is valid only 
in the deep Euclidean region of the meson momentum {p^ —00). It was demonstrated, 
indeed, by Maltman that the sum rule for the uNN coupling has large contamination 
from the excited pions, 7r(1300) and 7r(1800). On the other hand, for the two-point correla- 
tion function, we may take into account the relevant meson exclusively via the corresponding 
meson matrix elements. Kim !3C| further pointed out that the double dispersion relation 
used in analytic continuation of the three point function needs a special care in order to 
keep the consistency with the soft-pion limit, and concluded that, in the soft-pion limit, the 
sum rule from the three-point correlation function is reduced to that from the two-point 
correlation function. Therefore, we adopt the two-point correlation function in the present 
analyses. 

The phenomenological side of Eq. Q contains not only the pole term which describes 
the designated meson-baryon coupling, 

but also the terms which represent the transitions from the ground state baryon to excited 
baryon resonances as well as the contribution from the intermediate states due to the meson- 
baryon scatterings. We call them "continuum" contribution hereafter. 



Generally speaking, it is difficult to eliminate these unwanted contributions and extract 
only the aimed pole term, Eq. However, in the case of the baryon-diagonal couplings 
{Bi = B2 = B, gmBiB2 = 9mB) it is possible to single out the g^B term in the soft-meson 
approximation. Namely, after performing the Taylor expansion with respect to the meson 
momentum p, the contribution from the ground state has a double pole structure as 

n(g,p)~^„B^^^3^. (5) 

On the other hand, terms from the excitations of baryon resonances remain as a single pole 
structure, 

~ QmBB* ■ 7^ 2T 7^ 2~T- (^) 



Similarly, the intermediate meson-baryon scatterings give a single pole structure 
Therefore, by extracting the double pole term exclusively, we can evaluate QmB without 
contamination. The concrete procedure will be shown in section ITTTl 

The above technique is valid only when the masses of Bi and B2 are equal, or close enough 
compared to the baryon excitation energy. We need further elaboration for the off-diagonal 
couplings, which will be discussed in section IIVI 

In the two-point correlation function, Eq. Q, we have suppressed the Dirac indices 
coming from the interpolating field. The Dirac index structure of n(g,p) = n°^(g,]?) can 
be written as a sum of four independent terms allowed by the Lorentz covariance, 

n(g, p) = 1^4 + + ^^a^-q^p, + 1^4 (7) 

Each of the four Lorentz-scalar correlation functions, 11^^, 11^^, n""" and 11^^, can be used 
to construct a sum rule, and should give the same result in principle. In reality, however, 
they often give different and sometimes contradictory results with each other. 

Shiomi and Hatsuda [^| calculated ttNN coupling in the soft-pion limit (p^ — > 0), 
which leaves only 11^^, the 275 structure at the order of 0{{p)^). Birse and Krippa pointed 
out that the sum rule from 11^^ is reduced to the sum rule for the nucleon mass by a 
chiral rotation. Thus they argued that it is necessary to go beyond the soft-meson limit to 
construct an independent sum rule for the coupling. With this remark, they adopted 
in their analysis. 
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Later, Kim, Lee and Oka |^| elaborated the analysis from the viewpoint of the 
interaction Lagrangian dependence. They pointed out that the popular choices of the mBiB2 
effective interaction Lagrangian, the pseudoscalar coupling 

^fnt = 9mB^B2i'B^il5(f)m^B2 , (8) 

and the pseudovector coupling 

CUt = ^-^^^^^^B.lMd'<Pm)^B,^ (9) 

should give the same result when the baryons are taken on their mass-shell states. In fact, the 
sum rule relies on the analytic continuation from far off- mass- shell kinematics, which is not 
guaranteed automatically. They found that the double pole term in the two-point correlation 
function safely satisfies the equivalence condition. From this observation, in Ref. 2^, they 
pointed out that 11^^ sum rule is not appropriate because this structure appears only when 
we choose the pseudovector effective interaction Lagrangian. Later, Kondo and Morimatsu 
j3| pointed out that defining the coupling constant by using the vertex function will avoid 
the ambiguity, which is consistent with that calculated from the double pole term. 



III. DIAGONAL MESON-BARYON COUPLINGS AND THE SU(3) LIMIT 
A. Construction of the sum rules 

We first consider the diagonal meson-baryon couplings, and construct the coupling sum 
rules for general baryon interpolating fields 0, S|- choose the baryons, A^, S and S, 
and the mesons, vr and r^s- As we are interested in the SU(3) symmetry of the coupling 
constants, we choose the baryon interpolating fields so as to form an SU(3) octet. 

JN{x;t) = 2eabc[ {u^{x)Cdb{x))-fr,Uc{x) +t {u^{x)C-f5db{x))uc{x) ] , 
Js{x;t) = -2eabc[ (sJ(x)Cm;,(x))75Sc(x) + t (sJ(x)C75Mfe(x))Sc(x) ] , 
Js(x;t) = 2eabc[ iul{x)Csb{x))-f5Ucix) +t {ul{x)C'j5Sbix))uc{x) ] . (10) 

Here, a, b, c are color indices, T denotes the transpose with respect to the Dirac indices, 
and C = 'i7^7°. We note that there exist two independent interpolating fields for each octet 
baryon, and thus the general interpolating field is a linear combination of the two designated 
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by a real parameter t (We will also use 6 = tan~^ t later). Note that if we restrict ourselves 
not to use derivatives in the interpolating fields, these are the most general forms. The 
choice t = —1, often called the loffe current is regarded as a good interpolating field 
operator for the ground state baryon. We, however, study the sum rule for general t and 
will see that the t dependence is a good check point on the validity of the sum rule. 

Our main purpose here is to determine the pertinent Dirac structure 0, l^l • We set 
the following criteria: (1) The result should be independent of the choice of the baryon 
interpolating field. (2) The choice minimizes the single pole terms, which come from excited 
baryon resonances and meson-baryon scatterings. (3) It should not depend on the coupling 
scheme of the effective Lagrangian. 

In going beyond the soft-meson limit, we consider three distinct Dirac structures: 11^^ 
(PV), (PS), and II"'" (T). For the PV and T structures, we construct the sum rules to 
0{p). At this order, the terms proportional to the quark mass rriq should not be included 
in the OPE, because rriq is of the order as is seen from the Gell-Mann-Oakes-Renner 
relation, 

-2m,(gg)=m^/^ (11) 

The 0{p) calculation for the PS structure is not useful, because the OPE is essentially the 
same as the 0{1) terms of the same structure, which are equivalent to the sum rule for the 
baryon mass. Therefore, we construct PS sum rule at the order = |3l]. Note that the 
terms linear in quark mass {rriq) should be included in the OPE at this chiral order. 

We calculate the OPE up to dimension 8 for the PS sum rule, and up to dimension 7 for 
the PV and T sum rules. The OPE diagrams which we consider are shown in FigO In the 
OPE calculation, we expand the meson matrix elements in terms of the momentum of the 
meson p. Technical details on the OPE calculation are given in Ref . |j25| . 

In order to construct the phenomenological side of the sum rule, we adopt the effective 
interaction Lagrangian with the PS type coupling. We obtain the correlation function as 

PV structure at the order 0{p) — ^[^2^2 ^ (^^) 

b) 



(g2 — m 



PS structure at the order Oip^) i^5p'^ '^IL ; (13) 



T structure at the order 0(p) Ib'^avQ^p" '^1 L ; (14) 



FIG. 1: The OPE diagrams considered in this work. The soHd hnes denote quark propagators 
and the wavy hnes denote gluon propagators. The blob in each figure denotes the matrix element, 
or the wave function of the external meson specified by the dashed line. 






where Xsit) is the coupling strength of the single baryon state to the corresponding baryon 
interpolating field operator Jsit) defined by 

{0\JB{0-t)\B{p)) = XB{t)uB{p), 

and we choose the phase so that Xsit) is real. The continuum contributions are treated 
approximately by assuming the QCD duality that they match the OPE at above an effective 
threshold, y^Sth, which is regarded as a parameter and is determined phenomenologically. 

The sum rule is obtained by matching the OPE side with the phenomenological side and 
by taking the Borel transformation in order to improve the predictability. The obtained sum 
rules are of the form. 



(15) 
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where M is the Borel mass and A^b denotes the sum of the single pole terms. Thus, 
the contamination from the single pole terms can be eliminated by fitting f^j^ by a linear 
function of M^. Explicit expressions of /°^'^(M^;t) are given in Ref. 25 1. 



B. Pertinent Dirac structure for meson-baryon coupling sum rules 

We here determine the most pertinent Dirac structure for the meson-baryon coupling 
sum rule out of the PV, PS and T structures given above. First of all, we focus on the 
sensitivity to the continuum threshold, ^/sth■ We often choose y^s^ to be the position of the 
first excited state, but examine whether the result is not too sensitive to the choice. In the 
present case, we first set the threshold Sth = 2.07GeV^ (y/sth = 1.44GeV), that corresponds 
to the Roper resonance, and Sth is changed to Sth = 2.57GeV^ = 1.60GeV) to see how 

the sum rule is sensitive to the threshold. We find that the result from the PV sum rule 
changes by about 15% at the Borel mass M2 = IGeVl We also find that the PV sum rule 
has a large uncertainty in the linear fitting of Eq. (fTH|) . On the other hand, the PS and T 
structures are insensitive to Sth- At = IGeV^, the difference is only 2 — 3% level, and 
the uncertainty in the linear fitting is also small. Therefore, we conclude that the sum rule 
from PV structure is not reliable. Kim et al., in fact, found that this sensitivity of the PV 
sum rule rnav be understood by coherent addition of the positive and negative parity excited 
states 

As the next step, we compare the PS and T sum rules, focusing on the dependence of 
the OPE on the baryon interpolating field (i.e. the dependence on t). Ideally, the physical 
parameter gmB should be independent of t, but in practice, the truncation of OPE brings 
some spurious t-dependence. Therefore, the above constraint tells us how the truncated 
OPE calculation is reliable. In Eq. (fTH|l . as the right hand side, f°^^, is a quadratic function 
of t, the obtained gms^^if) is also quadratic. In the SU(3) limit, the strength \b should be 
common to all the octet baryons, and thus a "good" sum rule must give a common shape 
(in t) for the obtained gmB^\ii)- 

Fig. m shows QmB^'sit) as a function of t for the T sum rules, while the same for the PS 
sum rules is given in Fig. El In drawing the curves a standard set of the QCD parameters 
and pion matrix elements are employed, the values of which are given in Table HI Among 
them, 5^ is defined in Eq. fjA5|) . in Appendix A, where the parametrizations of the pion 
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TABLE I: QCD parameters in the SU(3) limit. 





■ml = {qgsO- ■ Gq)/{qq) 


52 




-(0.23 Ge\f 


0.8 GeV^ 


0.2 GeV^ 


(0.33 GeV)^ 



FIG. 2: gmB^%{t) from the T sum rule is plotted as a function of t, for the ttNN, r]NN, ttSS, 
rySS, ttSS, and r/SS couplings. We choose the Borel window as 0.65 < < 1.24 GeV^ , and the 
continuum threshold as sth = 2.07 GeV^. 




t 



FIG. 3: gmB^\{t) from the PS sum rule is plotted as a function of t. 




t 
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matrix elements are explained. 

It is interesting to see that, for the T sum rule, (1) all the curves have zeros at t = 1 and 
also near t ~ —0.6, and (2) each curve has an extremum at around t ~ 0.2. One observes 
that the curves are well proportional to each other, indicating they are given by a single 
(quadratic) function of t, i.e., A^(t). In contrast, the curves for the PS sum rule are random 
and do not show a single behavior. Therefore, we conclude that the T sum rule is more 
appropriate than the PS sum rule. This statement is further supported by the fact that the 
i-dependence of X^jt) from baryon mass sum rules is consistent with that extracted from 
the T sum rules j25|. 

Thus we have seen that the T sum rule passes the first two criteria given in sect. \niM 
In fact, the third criterion is also satisfied by the T sum rule as it does not depend on the 



forms of the coupling in the effective Lagrangian 
the most pertinent Dirac structure. 



23|. We conclude that the tensor (T) is 



C. The F/D ratio of the octet meson-baryon couplings^ 

We are now ready to construct sum rules from the 'j^o'nuq^p'^ (T) structure in the SU(3) 
limit and to determine the F/D ratio. In particular, we investigate the t-dependence of the 
ratio using the general interpolating fields for the baryons. We consider the octet baryons 
B"-, and the octet mesons m", where a = 1 ... 8 denotes the flavor index for the octet 
representation. We note that in the SU(3) limit there is no mixing of the singlet 771 (= mP) and 
the octet ?78(= itl^)- The m'^B°-B^ coupling has two independent terms, the antisymmetric 
(F) and symmetric (D) couplings 

Cf = -FtUcrs^i'i^U^n 

Cd = DdakcrB^l'i^B'P'^n (16) 

where / and d are the group algebraic constants of SU(3). Then all the couplings are given 
by these two parameters, or equivalently in terms of 

F 

9nN = iF + D) and a = . (17) 

^ The results presented in this section are modified from the previous calculations by correcting the sign of 
the S"^ parameter. See Appendix A for details. 
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FIG. 4: The F/D ratio from the T sum rules is plotted as a function of cos0, where 9 is defined 
as tan 6* = t. (See the text.) Corresponding t is also shown at the top of the figure. Circles are 
obtained with 0.65 < < 1.24 GeV^ and the continuum threshold Sth = 2.07 GeV^, triangles ; 
0.65 < M2 < 1.24 GeV2, sth = 2.57 GeV^, squares ; 0.90 < < 1.50 GeV^, sth = 2.07 GeV^. In 
the realistic region —0.75 ^ 0056* ^ 0.61, the F/D ratio is insensitive to t. 



F/D 




The explicit forms of the individual couplings are given by 

1 



9-nN 



V3 



(4a - l)gTrN ; 97TS = (2a - 1)5'^ 



nN 



2 . . 
grjs = S'ttAs = -^(1 - a)g.^N 



(18) 



We note that our sum rules satisfy these relations at the level of the OPE expressions. 
This is a consequence of using the baryon interpolating fields constructed according to the 
SU(3) symmetry. Hence, it provides the consistency of the sum rules with the SU(3) relations 
for the couplings. We determine gmB for m = n or rj and i? = A^, S or S by linear fitting of 
the right hand side of Eq. ()15|) . Taking the ratio of any two different coupling constants, we 
can convert it into the F/D ratio according to Eq. p8|l . 

In Fig. m the F/D ratio is plotted as a function of cos 6'. Here, to investigate the whole 
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range of — oo < t < +00, we introduce a new parameter 6 defined as tan^ = t. Thus, 
tfie range < t < +00 corresponds to0<^^<7r/2 while the range —00 < t < spans 
7i/2 < 6 < 71. In Fig. HJ circles are obtained from the linear fitting within the Borel 
window 0.65 < < 1.24 GeV^ with the continuum threshold Sth = 2.07 GeV^. To see the 
sensitivity to these parameters, we also calculate the ratio using (1) 0.65 < < 1.24 GeV^, 
Sth = 2.57 GeV^ (triangles), and (2) 0.90 < < 1.50 GeV^, sth = 2.07 GeV^ (squares). 

We see that the F/D ratio is insensitive to the continuum threshold, as discussed before, 
and is also insensitive to the choice of the Borel window. The curve is fiat with respect to 
t except around the region t ~ —0.6 (cos^^ ~ —0.9). The behavior around t ~ —0.6 can be 
understood if we remind the t dependence of the coupling strengths of the baryon states to 
the interpolating fields, given in Fig. |21 There one sees that all the curves have a zero around 
t ~ —0.6, which indicates poor convergence of the OPE for this t. Thus, we conclude that 
the F/D ratio should be obtained from the data outside t ~ —0.6. 

Here we moderately take the appropriate region as (1) —0.75 ^ cos6' {t ^ —0.9) and (2) 
cos^^ < 0.61 (1.3 < t). The former constraint gives us the minimum value of F/D 0.55, 
and the latter constraint gives us the maximum value of F/D ~ 0.75. Thus we obtain the 
final result, F/D = 0.65 ± 0.10. We again stress that this is the determination of the F/D 
ratio directly from (the SU(3) symmetric limit of) QCD without any assumption. Our result 
is very close to the value predicted in the SU(6) quark model, F/D = ^. This is surprising 
if we realize that the SU(6) symmetry, based on the nonrelativistic wave functions of three 
quarks in the baryons, looks fairly remote from QCD. It would be interesting to study 
whether this agreement has some deep reason or is just accidental. It is worth pointing out 
that our result is consistent with the F/D ratio for the axialvector currents, F/D ~ 0.57, 

n 

which is extracted from the semi-leptonic weak decays of the hyperons |33|| . It is reasonable 
because two F/D ratios are to be related by the GT relation. 

Before closing this section, let us show the result from the PS sum rule. In this case too, 
we can classify the OPE according to Eq. (fT^ and identify the terms responsible for the 
F/D ratio. By taking similar steps as the T sum rules, we determine the F/D ratio. Fig. El 
shows the F/D ratio as a function of cos^^. Compared with Fig. ^ one sees that the F/D 
ratio is highly sensitive to t and the result is not reliable. Therefore, we again note that one 
has to carefully choose the Dirac structure in the sum rule. 

The behavior of the F/D ratio suggests that the PS sum rule is contaminated by con- 
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FIG. 5: The F/D ratio from the PS structure is plotted as a function of cos9. See the caption of 
Fig. |l]for the explanation of each symbol. The F/D ratio is sensitive to t and no reliable prediction 
is obtained. 



F/D 




tinuum states, because the peak and the bottom of the curve in Fisr. El coincide with those 

n 

expected from the F/D ratio of the interpolating field operators. In fact, it is shown 
that t = 1 (—1) corresponds to the pure F (D) coupling. If the sum rule is dominated by 
the ground state baryon, then it should give a constant F/D ratio, regardless the interpo- 
lating field. The T sum rule is such a case, while the PS sum rule seems to have significant 
continuum, which obeys the F/ D ratio of the interpolating field operator. 



IV. OFF-DIAGONAL MESON-BARYON COUPLINGS AND THE SU(3) BREAK- 
ING EFFECT 

A. Projected correlation function 

The double pole structure of the correlation function is found to be crucial in extracting 
the coupling constant in the previous section. It requires a further analysis to generalize the 
sum rule to off-diagonal meson-baryon couplings, where the initial and final baryons have 
different masses. In this case, the ground state contribution to the correlation function is 

16 



not given by a double pole, but has single pole structure. Therefore it is not possible to 
eliminate contamination from excited states simply by taking the double pole part of the 
correlation function, as was done in the diagonal couplings. 

Recently, Kondo and Morimatsu proposed a novel method of extracting the coupling 
constant from the two-point correlation function. Although they applied their method to 
the ttNN coupling constant in their original work, the method is general and is in fact 
applicable to the off-diagonal case. Therefore we follow their prescription here, choosing the 
ttAS coupling as a concrete example to demonstrate the method. 

We consider the vacuum-to-pion matrix element of the correlation function of the inter- 
polating fields of A and S: 

U{q,p) = I J d''xe'''^{0\T[Mx)JAiO)Mp)) . (19) 

We further define the vertex function by 

r(g,p) = -ms)n(g,p)(/ -mA) (20) 

with q' = q — p. Then the vrAS coupling constant, g = gnAT., can be defined by the vertex 
function projected on to the on-mass-shell baryon states, 

Ms(q)r(g,p)nA(g')lg2=m|,(g')2=m^ = iXhXj: g u^iqh^UAiq'), (21) 

where u{q) denotes the Dirac plane wave spinor (where we suppress the helicity indices for 
simplicity) . 

Advantage of defining the coupling constant in terms of the vertex function, F, is that it 
has no ambiguity originated from the choice of effective Lagrangian for the coupling. Indeed, 
Eqs. (I2()j) and flT^ allow us to extract the residue of the pole term on which both the baryons 
are on the mass shell. Such definition is known to be unique regardless of the form of the 
effective coupling, such as the pseudoscalar coupling or pseudovector coupling. On the other 
hand, in employing this new approach, we need to compute all possible terms with various 
Dirac structures of the correlation function, as the vertex function F is a linear combination 
of all the terms. 

It should be also noted that the kinematical point of the definition Eq. ()2H1 is an unphys- 
ical point and that the sum rule does not give the coupling constant of that point directly. 
However, we will see later that the difference between the coupling constant defined by 
Eq. ()21|) and the one calculated in the sum rules is small, and therefore can be neglected. 
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In practical application of the sum rule to the coupling constant, we need a further 
elaboration so that the contamination from other poles should be small. In order to elimi- 

n 

nate unwanted contributions from the negative energy solutions, Kondo and Morimatsu 27^ 
further proposed to use the projected correlation function and vertex function defined by 

n+(g,p) = Ms(g)7on(g,p)7oMA(g')) 

r+(g,p) =Ms(g)W-ms)n(p,g)(/-mAK(g')- (22) 
They satisfy the relation 

r+(g,p) = (go - E^){qo - - ujp)ii+{q,p), (23) 



where Ej^ = \Jm'^ + q^, Et^ = \Jm\ + q'^ and Up = yml + p'^. It should be noted that 
114. has poles at go = -^s and go = E\ + ojp but not at go = — -^s and go = — (-Ea + ojp). 

Regarding 11+ and r+ as functions of the center-of-mass energy, or go in the reference 
frame q = 0, the absorptive part of the projected correlation function, Imn_|_, can be written 

as 

T TT ^ ^ Rer+(g,p) Rer+(g,p) 

Imn+(g,p) = 7r5(go - m^) — - 7r5(go - - ^^p) — 

t,{^ + LOp — niY. h,f^ + Up — m-s 

^^"Tn ^ )(n F TTl^r4g,p). (24) 

(go - "^sjigo - -c^A - ^^p) 

Here we adopt the following notation for the dispersive (continuous) part and the absorptive 
(discontinuous) part, respectively: 

ReF(g) = Jim ^ [^(g)lgO=gO+ir, + F{q)\qO=gO_i^] , 

ImF(g) = Jim ^ [F(g) |qO=,o+i^ - F(g) |gO=^o_i^] . (25) 

In Eq. ()24|) . the first and second terms are the pole terms, which are proportional to the 
coupling constant, and the third term is classified as the continuum contribution. It is noted 
that all the terms on the right-hand side of Eq. (j^^ are well defined in the dispersion integral 
even in the chiral limit and the flavor SU(3) limit, which is another reason to employ the 
projected correlation function 

The dispersion relation for the projected correlation function in the variable go is given 

by 

n.(*) = -i/'i9i^^^^- (26) 

71 J Qn- Qn + in 
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By splitting the projected correlation function into the even and odd parts by 

1 



= -[n+(go) + n+(-go)], 
n° = -^[n+(go)-n+(-go)], (27) 



Eq. (pHj) is given by 



n J % % 

n?(go) = -If dq',-^^lmU4q',). (28) 



1 

Applying the Borel transformation, defined in the Appendix B, with respect to q^, we 
obtain 



LmP^] = ^/^^o|,exp -||, Imn^(g^) 



LM[n«] = dq'.^exp (^-^j ImUM). (29) 

Evaluating the left hand side by the OPE, we obtain the Borel sum rules. 

The right-hand side of Eq. ()29j) is expressed in terms of the observed quantities. We 
parameterize the absorptive part of the projected correlation function for the ttAS vertex: 

5{qo-mY;) 5{qo - Ef, - Up) 



Imn+(g,p) = -Ms(q)«75MA(g')7rAAAsfi'(go,P^) 



qo-Ex- iOp qo - 

ImnOP^(g,p), (30) 



where g^qoyP^) is defined by 

Rer+(g,p) = XAX^uj:{q)i-f5UA{q')g{qo,p'^). (31) 



In Eq. ()30p ^/s^ is the effective continuum threshold of the vrA or vrA channel. We assume 
that the asymmetry in the continuum contribution for the positive and negative energy 
regions is negligible. 



B. ttAE coupling constant 

We evaluate the ttAS coupling constant using the projected sum rule presented in 
sect. IIV Al Here we consider only the t = — 1 (loffe) interpolating field for simplicity. 
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Substituting Eq. (I^Ujl into the right-hand side of Eq. (j^ . and taking the hmit 
we obtain 



AaA 



M2Am 
-(mA + m^)5fA7rexp 



msfifs exp 



M2 



(Cont. 



(32) 



for the even part and 

LM(nO) = u{q)ij,u{q'] 



AaA 



5'Eexp 



-gA^ exp 



M^Am ^ 
\ M2 



M2 ; 

+ (Cont.), 



(33) 



for the odd part, where we define Am = mA + — mg, = g{mj:, = 0) and (^Att = 
g{mA + m^, p2 = g). (Cont.) denotes the continuum contribution coming from the last 
term of Eq. (jHUj) . in which we employ the QCD duality assumption and replace it by the 
corresponding OPE of the correlation function at |go| > y/sth- 

In Eqs. fl32|) and ()33|) . one sees that the poles bring the coupling constant at two different 
kinematical points, gs = g{m-s,0) and (^Att = g{^A + = rn-s + Am, 0), while the one 
defined in Eq. ()2H1 is at the kinematical point, 



2 '2 



9 = 9 \ qo = 'mY;,p 



2 , (ml + m2 -mi) 2^ 
'"^^ + 4m2 



mi, I.e., 



(34) 



Therefore in principle we need an interpolation. However, we expect that the differences are 
small because m,r and Am are both small compared to the baryon masses. Thus we will 
regard g-^ in the sum rule as the coupling constant. 

The sum rules are obtained by equating these Borel-transformed correlation functions 
with the corresponding OPE terms. The OPE's of Il'j^ and II^ are rather lengthy and 
therefore we give the explicit forms in Appendix B. In order to evaluate gj^, we operate 



(mA + m^y 



d 



on the both sides of the sum rule and eliminate the (^Att terms. Then we obtain 



mAmj: + mA + m^) 
9^ T7-^ exp 



m^ 



M2 

ms + mA 
M2 



m„ 



exp 



M2^ 
m|~ 
'M2 



Ps 
Ps 



n^(M) 

AaAs 

nO(M) 

AaAs 



(35) 
(36) 
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with nl'^'iM) given in Appendix B. The unknown constants, Aa and As, are calculated 
from the vacuum-to-vacuum sum rule (mass sum rule) with the same interpolating fields 
and the Borel mass, whose explicit forms are also given in Appendix B. 

In numerical analyses, the threshold parameters, ^/s^ for n_|_, and y/so for the A and 
E mass sum rules, given in Eqs. HBll^ and ()B12|1 . are chosen to be equal, because the 
continuum mainly comes from the S = —1 excited baryons and therefore is expected to be 
common to 114. and the mass sum rules. 

Two sum rules, Eqs. flS3|) and (jHBj) . should in principle give the same result. However, 
we have seen in sect. IIIII that the results depend on the choice of the Dirac structure and 
that the tensor (T) sum rule is most reliable because it contains less contribution from the 
continuum and has weaker dependence on the choice of the interpolating field. In the present 
off-diagonal case, we employ the same criteria. In fact, from the structure of the H^'^*^, we 
find that is superior to 11^ because 11^ contains mainly the T structure and therefore 
is less dependent on the continuum. Actually, it is easy to check that II^ reduces to the 
OPE of the T structure in the chiral limit. In order to quantify this statement, we check 
how large the continuum contribution is in each sum rule. A numerical analysis tells us that 
(in the SU(3) limit) about 40% of the continuum contribution comes from the region above 
the threshold for the sum rule, Eq. ()35p . while it is less than 16% for the 11^ sum rule, 
Eq. ()36|). Therefore we conclude that 11^ sum rule is more reliable. 

Another advantage of the 11° sum rule is that the main term in OPE is proportional to 
the (qq) condensate, which is divided out by the main term of the baryon mass sum rule. 
This elimination of the (qq) condensate reduces ambiguity in the numerical results. Thus 
we employ the 11^ sum rule in the following analysis. 

C. Results 

We evaluate the ttAE coupling constant both in the SU(3) limit and in the realistic 
broken SU(3) case. In getting the final values, we choose the parameter according to Table 
HTl except that in the SU(3) limit, we make = ~ and (ss) = (uu). When we 
take the SU(3) limit, we use the nucleon mass for both the A and S masses, while in the 
broken SU(3) calculation, the observed masses of the baryons are used. To get the final 
results, we have to choose the threshold parameter and the Borel mass window. In the 
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SU(3) limit, the choice given in sect. IIII CI is taken, that is, 2.07 < Sth = sq < 2.57 GeV^ 
and 0.65 < < 1.24 GeV^. In the broken SU(3) case, we set the threshold to above the 
first excited state of S resonance, 2.76 < Sth = Sq < 3.27 GeV^ (y/sth = y/so ~ 1.66 — 1.81 
GeV) and consider the Borel window, 1.00 < < 1.69 GeV^. 

TABLE II: QCD parameters. We always assume that (dd) = {uu), and employ the same uiq = 
(ggso- Gq) £j^^ ^ ^^^^ ^ quarks. The OPE terms which are proportional to rriu or are 



neglected, that is equivalent to the choice niu = nid = 0. 



{uu) 


{ss) 1 (uu) 
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FIG. 6: g-jrAT, from the 11^ sum rule plotted against the squared Borel mass M^. Thin solid (dashed) 
line denotes ^ttAS in the SU(3) limit using the continuum threshold sth = so = 2.07 (2.57) GeV^. 
Thick solid (dashed) line denotes ^ttAS including the SU(3) breaking effects using sth = sq = 2.76 
(3.26) GeV2. 
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Fig. Elgives the resulting Borel curves for the SU(3) limit and for the broken SU(3) case. 
Comparing the solid lines with the corresponding dashed lines, we confirm that the results 
are not sensitive to the choice of the continuum threshold. 

The final results can be read off from the Borel curves by averaging over the values inside 
a Borel window. One sees that the curves for the SU(3) limit are slightly lower than those in 
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the broken SU(3) case. We, however, have to shift the Borel window as given above so as to 
take account of the larger A and S masses. We use the Borel window 0.65 < < 1.24GeV^ 
in the SU(3) hmit and 1.00 < < 1.69GeV^ in the broken SU(3) case. In the end, the 
obtained values of the coupling constants have little difference. Then we obtain 

^?.ae(SU(3) limit) = 7.5 ± 1.3, 
^^As(broken SU(3)) = 6.9 ± 1.0. 

As these numbers are consistent with each other, we conclude that the effect of the SU(3) 
breaking is weak in the ttAS coupling. 

In the SU(3) limit the coupling constant, g-^^Y,, must be related to the g^.^ through the 
relation given in terms of the F/D ratio, Eq. (jl8j) . 

2 , 

g-KhT. = -^(1 - a)g.„N- 

In order to see this relation, we apply the sum rule derived from the projected correlation 
function to g^^N. Using the same parameters, the continuum threshold and the Borel mass 
window, we obtain g^,^ ~ 9.6 ± 1.6, which corresponds to F/D = 0.47 (a = 0.32). This 
value is smaller than F/D = 0.65 ±0.10 determined from the T sum rule in sect. IIII Q This 
discrepancy is attributed mainly to the ambiguity brought by the mass sum rule, by which 
the correlation function is divided in order to eliminate the factor AaAe or A^. Generally the 
mass sum rule has moderate Borel mass dependence and therefore causes some ambiguity. 
Note that the F/D ratio is obtained without using the mass sum rule in sect. IIII CI A further 
discrepancy may come from the difference in the method of extracting the coupling constant. 
Sum rules constructed by the derivative with respect to the Borel mass are in general less 
trustable than the global Borel mass fit. Another source of discrepancy is the difference in 
the choice of the interpolating field. As was pointed out in sect. IIII C\ the F/D ratio from 
the interpolating field a la loffe [t = —1) tends to be underestimated. We indeed see in 
Fig. ^ that the F/D ratio at t = —1 is rather below the central value. We also suspect that 
the F/D ratio from the projected sum rule contains some spurious t-dependence because 
we do not take the chiral limit and then the OPE has contributions from the PS and PV 
structure. Thus we conclude that the F/D ratio obtained in the T sum rule is more reliable 
than that given here. 
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The value of Qt^n is consistent with the previous sum rule calculations,^ but it is smaller 
than the value determined from the strength of the one-pion exchange potential. This 
discrepancy is still an open problem. 

Earlier, an attempt was made to compute the (^ttAs coupling constant using the three- 
point correlation function by Choe js^, giving (^^ai; ~ 10.79, a larger number than our 
result. It should, however, be noted that the ^ limit is taken to evaluate the coupling 
constant, which, as we stressed in sect. |nj is not allowed in computing the OPE. 

Recently, Lutz and Kolomeitsev performed an extensive analysis of experimental data 
using relativistic chiral SU(3) formulation. They have obtained the coupling constants from 
fitting to the scatterings data and obtain, among others, (^TrAS ~ 10.4, which is somewhat 
larger than our prediction. On the other hand, a recent coupled-channel analysis of the 
KN scattering has predicted much smaller value The obtained value, g-nAT,/ Q-kN ~ 0.4, 
suggests a large SU(3) violation, while our result is consistent with SU(3) symmetry with 
a ~ 0.4. 



V. CONCLUSION 



As the fundamental theory of the strong interaction, QCD is to be applied directly to the 
hadronic interactions. We have presented a part of such attempts that the meson-baryon 
coupling constants are calculated in the QCD sum rule approach. It is shown that the 
coupling constants are expressed in terms of the nonperturbative QCD parameters, such as 
the quark condensates, gluon condensates, as well as the pion (light-cone) wave functions. 

We have addressed several technical issues in this report. (1) It is advantageous to take 
the two-point correlation function of baryons to derive sum rules for the coupling constants. 
The correlation function is evaluated for the initial meson state and the final vacuum so that 
the coupling vertex appears in the middle. (2) We have considered the analytic structures 
of the correlation function and have pointed out that the double pole term, one pole from 
the initial baryon and the other from the final baryon, is carefully taken out to evaluate 
the coupling constant. (3) In the case of the baryon-diagonal couplings, the double pole is 
easily extracted by the Borel transform, and we have found that the most appropriate Dirac 

^ The calculations done with the wrong sign of (5^ tend to give a larger value for g^^N 0, E3 • See 
Appendix A for details. 
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structure in the two point function is the tensor type, proportional to 'j^a^uq'^p'' . Especially, 
this choice avoids spurious dependence on the choice of the interpolating field operator for 
the octet baryons. (4) In order to derive workable sum rule for the baryon-off-diagonal 
couplings, we have found that the projected correlation function is most useful. Among the 
two sum rules, even (E) and odd (O), we have found that the odd one gives the most reliable 
result. 

We have emphasized that the SU(3) symmetry must be recovered if we turn off the quark 
mass differences. Then the coupling constants of the SU(3) octet mesons and octet baryons 
can be expressed in terms of two constants, overall constant, represented by q-^^n for instance, 
and the F/D ratio. Because the F/D ratio is a completely free parameter not determined 
by the SU(3) symmetry, it is important and interesting to determine this ratio directly from 
QCD. We have found that the sum rule in the SU(3) limit is fully consistent with SU(3) 
and gives F/D = 0.65 ± 0.10, which almost coincides with the value derived from the quark 
model, or the SU(6) spin-flavor symmetry, F/D = |, or a = = 0.4. This is also 

consistent with the F/D ratio of the axialvector coupling constants obtained from the beta 
decay rates of the hyperons. 

We have calculated the ttAS coupling constant as an example of the baryon-off-diagonal 
coupling. We have found that the effect of the SU(3) breaking is small by comparing the 
results in the SU(3) limit, QnAj: = 7.5 ± 1.3, and in the broken SU(3) case, QnAj: = 6.9 ± 1.0. 
In fact, even at the level of the OPE, it can be seen that effects of the SU(3) breaking are 
weak as far as the pion-baryon couplings are concerned. The SU(3) breaking is taken into 
account in the QCD sum rule as the quark mass term, ^ rriu and indirectly in terms 
of the difference in the quark condensates, (ss) ^ {uu) and {sgsC ■ Gs) ^ {uggCr ■ Gu). 
However, both of these contributions do not appear in the leading terms of OPE for the 
pion-baryon couplings. Thus we see that not only the vrAS coupling, but also the other 
TT-baryon couplings, like vrSS, and vrSS, may not deviate much from the SU(3) values. 

It is, however, not the case when we consider the couplings of the r/, and maybe K, 
mesons. The sum rule involves the meson mass, m^^i^ and the decay constants, fr^^x-, in 
the leading terms. Therefore the SU(3) breaking of order a few tens of per cent can easily 
predicted in the QCD sum rule j^]. 

In future analyses, it is desirable to calculate the KB1B2 couplings, such as KNA and 
KNT,, which are phenomenologically very important, for instance, in the hypernuclear 
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physics.^ 
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APPENDIX A 

We calculate the Wilson coefficients of the short-distance expansion in two steps: we 
perform the light-cone expansion of the correlation function first and the short- distance 
expansion of the light-cone operators second. The reason for doing this is to use the 
parametrization of the vacuum-to-pion matrix elements of the light-cone operators given 
in Ref. H, 

(0|m75M|7r°(p)) 
(0|M7A.75^t|7r°(p)) 



(0|u75O-/,i.M|7r (p)) 

^ There have been several works on the QCD sum rules for the KNK and KNYl couplings |3^. All but the 
first one, however, employ three-point correlation functions and therefore are not consistent with OPE. 
Also their results do not agree with each other. 



+0{{p-xf) 

1 5 
5 1 



+0{p'x') + 0((p)V) 



(uu) ( 1 \\ x/->// 

-APi^^v-PvX^)-^ \ \ - -HP-x) j + 0{{p-X) 



(Al) 



(A2) 
(A3) 
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{Q\u-{x)gsGUvx)u\Q)\7^\p)) 



+i 



I6V2 



ab 



252 ■ 16 
1 



-t 



ah 



+ (7 + 6e) (757^^!- - 757!.Pm) " ^) 
+ (7 + 18e) 75;^ (p^x^ - pyX^,) 



fA a/3 



X 



(A4) 



Here 



is the color SU(3) generator, Qs is the renormahzed couphng constant of 



the QCD and G^^ is the gluon field tensor. We also define Gafi = Y^AG^et^ and G 



0/3 



with eoi23 



^0123 



1. 



Several parameters arise in the matrix elements: /^r (= 93 MeV) is the pion decay con- 



stant, (= 0.0035(GeV)2) and B2 



30 fz^f^ 



0.57) are the parameters coming from 



V2 {uu) 

the twist-3 pion wave function, and e ( = 0.5) is from the twist-4 pion wave functions 
We choose 1 GeV for the renormalization scale. 

The 5'^ is another parameter from the twist-4 pion wave function defined, according to 
Novikov et al. 3^, by 

{Q\dgsG^,^'u\Ti+{p)) = V2tfJ% . (A5) 

In previous calculations, however, there was some confusion on the sign of this constant. 
Therefore, we here estimate 6"^ in our notation according to Ref. 0|. 
Let us consider the correlation function 

T^ = ^J dxe''^^0\T[d{xh^^,gsa"^G^^u{x)u{Oh,d{0)]\0). (A6) 

Using the formula (0| : q^'q^QsGlp : |0)t^„ = -^(0|gc/,a^'^G^^g|0)a„^, we calculate the OPE 
of the correlation function, which gives to the lowest dimension 



The spectral function of the correlation function is given by 
-ImT^ = (27r)3^{(5^(p-g)(0|J7/.75^7.^a/3G'"'3w|n)(n|M75rf|0) 



(A7) 
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+5\p + q) (0|M75C?|n)(n|J7M75^7.fx,^G'"^w|0)} 

(27r)3 / ^ {5\p - g)(0M7/.75^sO-.^g"^^k+(p))(7r+(p) 1^75^10) 



(27r)32wp 

+ + g)(0|M75(i|7r"(p))(7r"(p)|(i7^755(sCra/3G'"'^M|0)| + (non-pion pole terms) 

= 5(q^ — m'i)qn — —A + (non-pion pole terms). (A8) 

'^ruu + rud 

The constant A is defined by 

{0\d^^.l59sCT'"'G^pu\n+{p)) = tV2Up^A, (A9) 
(7r-(p)|J7^75^7,a„^G"^n|0) - -tV2Up^A, (AlO) 

where we use the fact that (vr~(p)|(ii(7sG'^^7^75M|0) is of higher order in the chiral expansion 
The phases of the pion states are taken as 

{0\d^^l5u\n+{p)) = iV2Up^ (All) 
(0|«7^75f^k-(p)) = iV2Up^. (A12) 



Substituting Eq. ()A7|) and Eq. ()A8|) for the left-hand and the right-hand sides of the 
dispersion relation as follows 

, I , ImT(s) , 

T(g2) = / ds—^, (A13) 



n Jo — s 



respectively, at Q = —q —>■ oo we obtain 

Taking the chiral limit and using the relation f^m'^ = —{rriu + md){uu), we find 

2{uu) 2 ■ ^ ^ 

Using the identity, '^^O'ap = iigfia'Jf^ — gfiis'Ja) + ^tj.ai3u'j'^'j5, one can rewrite the matrix element 
[1 as 

(0|cI(?,7^75a„;3G'"^M|7r+(p)) = 2{0\dtg,G^f-fp-f5u\n+ip)) + 2{0\dgsG^,Yu\^^ip))i^^^) 



The first term in this expression is of higher order in the chiral expansion j39[. /^From 
Eqs. (JXSl) and (|X9|l . we obtain 

52 = !^ ^ 0.2 GeVl (A17) 
28 



The sign of 5^ is therefore determined by that of mg, which has been relatively well 
studied as a (higher dimensional) chiral order parameter. In the analysis in ref. [3]; the 5^ 
with th e oppos ite sign was used, which was transferred to some of the subsequent studies 



27L |28[ . The wrong sign of 5^ happens to give a larger value of the ttNN coupling 
constant, which tends to agree with experimental data. In fact, if we use the correct 5^, 
then the coupling constants are reduced by about 30 % or so and the agreement with data 
is somewhat spoiled. 



APPENDIX B 



The operator product expansion (OPE) sides of the and 0° defined in Eq. ^ for 
the ttAS coupling constant are explicitly given in this Appendix. 
We define the correlation functions by 



n(g,p) = I / dW^-(0|T[Jso(a;) JA(0)]|7rO(p)), 



n+(g,p) = us(q)7on7oUA(g -p), 

n^(go) = ^[n+(go) + n+(-go)], 
n?(9o) = -^[n+(go)-n+(-go): 



(Bl) 
(B2) 
(B3) 

(B4) 



where the baryon interpolating fields are chosen according to loffe (that is, t = —1) as 

Jk{x) = y^Cabc ([MrC7^Si,]757''4 - [dlC-f^Sb]j57''Uc) , (B5) 

Jso(x) = V2eabc {[u^C-r^Sbh5Yd,+ [d^C-f^Sbh5Yu,) . (B6) 

We subtract the continuum contribution from the 11+ , assuming the threshold param- 
eter, ^/sth, and then apply the Borel transform 



Lm = lim 



n — >oo 



(n-1)! V dq'. 



2 / ' 



(B7) 



where M is the Borel mass. 
Finally, we obtain 



V3 



29 



1 



127r2 



US' 



1 (gg), 
167r2 



(m, - 2ms) [Ea + m\ - u)p) 



+ 



M2 



I as 

- — ( — G/i^i.C'')^ + ^^{■mqim) +ms{ss)) - ^^{mg{ss) + ms{qq)) 



l(gg>, 

/tt 6 /,r 



2(gg>, 
3 A 



+ 



1 



+ 



+-^U{'mq{lQ) + iTT-siss)) - -U{mq{ss) + ms{qq)) ] {Ea + toa - w. 

3 U 

1 (gg) 



{mq{sgs(J ■ Gs) + ms{qgscr ■ Gq)) 



12 

^^^{{q9sa-Gq)-'-{sgsa.Gs)} . _ , ^ 



^ (^G^.G'^'')A(5' - ^Mrriqiqq) + ms{ss))6' 



-■^fn{mq{ss) + ms{qq))6' - -^Uimqiqgga ■ Gq) + ms{sgs<J -Gs))] {Ea + tua - ujpj 
+ I J^^i(99sa ■ Gq) - ^(."^.a • Gs)} + ^{^G.^nUS''^ 
+ { ^US'{15{m) - 2{ss)) + ^Mqgsa ■ Gq) - -L(^G^^G''-)M ) + 



(B8) 



and 



n°(M2) = 

4 

71 



Gi(^) 



1 (qq) 1 ,. / T-, ^ 1 (gg) / N 

'■' Uu)p{EA + niA) + -^—F—\1T^q - f^s) 



+ - 



87r2 U " 

1 (gg) , 1 



87r2 U 



+ -^fT^rriq {Ea + tua) 



1 

'M2 



247r2 87r2 

-^/7r{(gg) - {ss)}up + ■;^^US'lVp{Ea + tua) - ^■y^{(gg) - (ss)} 



^U{qq) - ^^^f^^^^i ) (-^A. + JTIa) 



+ 



M4 



1 ,as 



Wo 



Y^/.{(g-g) - + ^fAiQdsa ■ Gq) - {sgs<J ■ Gs)] + ^(riG^^G'^-)M 

+ ^^2){(g-g) - (as)} - ^{(g-g) - {ss)} - Ll^^G,.G>^nu) MEA+ruA) 



+^^-^{{Q9sa ■ Gq) - {sgsa ■ Gs)} 

^U5'm + Yj-{^9s<y ■ Gq) - — 1- 



^^^G,.G-)M 



1 (gg>, 



l(g"g), 



10 t -{mq{qq)+ms{ss)) + --—{mq{ss)+ms{qq))]{EA+mA) 

i-O Jtt y /tt / . 

Here we use the label q for the u and d quarks and define a function 

,2 \ 



(B9) 



CJu) 



1 



exp 



00 



M2 



(BIO) 
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The sum rules for the baryon masses are given in terms of the two-point correlation 
function of the baryon interpolating field operator. We use the sum rules for the A and E 
masses to eliminate the couplings of the interpolating fields, A a and As- For the A baryon, 



the sum rule calculated up to the dimension seven operators 



15 



4l| is given by 



A^ 

mA^exp 



M2 



47r4 



18 8 
+^7r^{g"^g(-2(gg)^ + 13(gg)(ss)) + -m,(6(gg)^ - 2{qq){ss)) 



(Bll) 



18- IT 

where the continuum contribution is subtracted with ^/sq being the effective continuum 
threshold. 

Similarly, for S, we obtain 



\2 

ms^exp 



2M^C3(v/^){^m,} + A'PC2{V^oW{-{ss)} 
+^^'{8m,{qq){ss) + fm,{qq)' + l{ss) {^G'^f'G^p)} 



(B12) 



These are the chiral-odd sum rules, which are commonly acknowledged as to give a reliable 
sum rule for the baryon mass. 
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